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I. INTRODUCTIOI!! 

P 

.2, 

For t h e  past  year, the Department of Aeronautics and Astronautics 

a t  Stanford University has been studying methods of improving the  

reso lu t ion  of t racer-spark measurements of flow veloci ty ,  The pr inc ip le  

of operation and the development of e lectrodes incorporating a magnetic 

f i e l d  f o r  confining the spark, together with veloci ty  measurements made 

with these electrodes,  were discussed i n  the  f i r s t  semiannual progress 

report  (Reference 1). 

on photographic s tud ies  of spark width and spectrographic s tud ies  of 

spark temperature. 

During the past  s i x  months work has been concentrated 

The purposes of the  photographic study of spark width were: 

1) To invest igate  the e f f e c t  of spark s t rength,  s t a t i c  pressure 

and magnetic f i e l d  s t rength on t h e  photographed spark width. 

2 )  To deduce the  d i s t r i b u t i o n  of ionizat ion i n  the  i n i t i a l  spark 

column s o  t h a t  the diffusion of the  ionized column can be 

analyzed and the  e f f e c t  of this d i f fus ion  on l a t e r  sparks t h u s  

determined. 

The spectrographic study of spark-column temperature was undertaken 

t o  a s c e r t a i n  the  extent o f  the spark heating of the gas and t o  inves t i -  

g a t e  the e f f e c t s  of spark strength,  s t a t i c  pressure, and magnetic f i e l d  

s t rength  on such heating. 

Nominal t e s t  conditions in the Stanford spark-heated wind tunnel 

i n  which t h e  t racer-spark technique has been used t o  measlire flow 

ve loc i ty  (Reference 1) are:  

0 0 5  joules ,  magnetic f i e l d  s t rength = 500 gauss. In these s tudies ,  

pressure was varied from 0.1 mm t o  10 mm, spark s t rength was var ied 

from 0.05 joules  t o  5.0 joules and magnetic f i e l d  s t rength was varied 

from 0 t o  655 gauss. A wider range of f i e l d  strengths was considered 

des i rab le ,  but was not attempted because of the complexity. 

s t a t i c  pressure = 1 mm Hg, spark s t rength  = 

The d e t a i l s  of the  two s tudies ,  including the  r e s u l t s ,  a re  discussed 

i n  t h e  following sect ions.  
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11. PHOTOGRAPHIC STUDIES OF SPARK WIDTH 

Experimental Procedure 

The s tudies  of spark width were conducted i n  the  s t a t i c  t e s t  chamber 

shown i n  Figure 1. 

f i v e  inches a p a r t o  Two magnetic c o i l s  were carefu l ly  posit ioned so  t h a t  

t h e  common axis of t h e  c o i l s  contained the  two electrode t i p s ,  makfng t h e  

magnetic f i e l d  l i n e s  p a r a l l e l  t o  t h e  spark-column axis .  

Sparks were s t ruck  between electrode t i p s  spaced 

The test  gas was kept pure by continuous f lushing with bot t led  

nitrogen. Test-chamber pressure was read on an Alphatron gauge and 

was kept a t  the  desired l e v e l  by t h r o t t l i n g  the  vacuum pump or  varying 

t h e  flow r a t e  from t h e  nitrogen b o t t l e .  Suf f ic ien t  pumping capacity was 

avai lable  t o  insure a change of gas i n  t h e  t es t  chamber every two seconds. 

The magnetic c o i l  was energized and t h e  spark was f i r e d  every 1 2  seconds 

by a Teletronix 160-series waveform and pulse generator.  Thus, the gas 

i n  the  s t a t i c  chamber was changed a t  l e a s t  s i x  t i m e s  between successive 

sparks.  

One end of the s t a t i c  t e s t  chamber was made f o r  mounting a Fairchi ld  

type-F-296 oscil loscope camera f o r  photographing the  spark 

camera had no provision for  focusing, t h e  mount was constructed s o  t h a t  

t h e  plane of t h e  spark was permanently i n  focus. 

sions were c r i t i c a l  because at  an aperture s e t t i n g  of fIl.9, the  lens  on 

t h e  camera had a depth of f i e l d  of only one-quarter inch. 

worked qui te  w e l l ,  however, because of the  l a r g e  (0.9 actual  s i z e )  image 

and t h e  accurate placement o f t h e  image a t  t h e  center  of the  f i l m ,  It 

was necessary t o  leave the camera shut te r  open for several  seconds, as 

there was no synchronization between shut te r  and spark, but. no problems 

were encountered with excessive exposure from background l i g h t i n g .  

Polaroid t y p e - 4 6 ~  f i l m  was used f o r  photographing the sparks because a 

transparency was needed f o r  analysis of the  photographs. Although some 

d i f f i c u l t y  with non-uniformity was experienced, t h e  ease of developing 

the  f i l m  more than made up f o r  t h e  tests t h a t  had t o  be repeated as a 

r e s u l t  of the non-uniformity. 

Since the 

The camera-mount dimen- 

The arrangement 
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The spark photographs were analyzed by using an o p t i c a l  comparator 

and a photomultiplier tube as a densitometer. The comparator had a 

magnification f a c t o r  o f  62.5, and the  photomultiplier entrance s l i t  was 

1/16 inch wide. 

inches on t h e  photograph scale .  

of 0.001 inches by means o f  a d ia l - ind ica tor  gauge. Since densitometers 

a re  widely avai lable  commercially, f u r t h e r  d e t a i l s  w i l l  not be given. 

Consequently, t h e  resolut ion of t h e  system was 0.001 

The posi t ion could be read t o  an accuracy 

Discuss ion of Results 

The spark-width data  obtained i n  t h e  study are  given i n  Figure 2, 

and are  p lo t ted  as r e l a t i v e  in tens i ty  versus spark width. The parameters 

were varied over t h e  ranges indicated below: 

S,park s t rength:  a )  5.0 joules  (0.1 p6 10 KV) 

b )  0 .5  joules  (0.01 pf, 10 KV) 

e )  0.1 joules  (0.001 pf, 1 5  KV) 

S t a t i c  Pressure:  a )  0.1 mm (for  0.5 joule  spark only) 

b) 0.5 mm 

e )  2.0 mm 

d )  10.0 m ( f o r  0.5 joule  spark only) 

Magnetic F ie ld :  a )  0 gauss 

b )  225 gauss 

e )  445 gauss 

d )  655 gauss 

Damping r e s i s t o r s  were used t o  provide 64% of c r i t i c a l  damping i n  all 

t e s t  conditions except f o r  those with 10-mm s t a t i c  pressure.  A t  10-mm 

s t a t i c  pressure the spark gap i tself  appeared t o  have res i s tance  s u f f i c i e n t  

t o  prevent t h e  discharge from o s c i l l a t i n g .  

In  Figure 2 t h e  in tens i ty  p r o f i l e s  a re  seen t o  have a shape general ly  

l i k e  a gaussian d i s t r i b u t i o n .  The p r o f i l e s  a r e  not given outs ide t h e  

10-percent t o  90-percent r e l a t i v e - i n t e n s i t y  range because t h e  f i l m  non- 

uniformity made the  data  e r r a t i c  a t  each end of t h e  sca le .  The problem 

of f i l m  non-uniformity was made more severe by the low exposure l e v e l s  

required t o  prevent a d i s t o r t i o n  of the  spark p r o f i l e  from over-exposure 
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a t  the center  of t h e  spark. 

The most s ign i f icant  thing shown by t h e  i n t e n s i t y  p r o f i l e s  i n  

Figure 2 i s  the  narrow spark width a t  the  90% i n t e n s i t y  l e v e l .  A t  t h i s  

l e v e l ,  the  widest spark without magnetic f i e l d  was 0.25 inches, and the  

widest spark with a 655-gauss magnetic f i e l d  was 0.08 inches. 

densitometer i s  t o  be used f o r  the  analysis  of a spark photograph, it 

can be assumed t h a t  the  e f fec t ive  width of the  spark w i l l  be t h e  width 

a t  90% in tens i ty ,  and t h a t  the  spark center  can be located t o  an accuracy 

of about 10% of t h i s  e f fec t ive  width. 

be a maximum of 0.025 inches for the  t e s t s  with no magnetic f i e l d  and 

0.008 inches f o r  t h e  tests w i t h  a 655-gauss magnetic f i e l d .  

spark-location measurements were p a r t  of a flow-velocity measurement 

involving two such sparks separated by a dis tance of about 5 inches, 

t h e  maximum expected reading e r r o r  f o r  the  tes ts  without a magnetic 

f i e l d  would be about 1% of t h i s  dis tance f o r  each spark o r  about 2% 

t o t a l .  

e r r o r  would be 2/3$. Thus, on the  bas i s  of reading e r r o r  alone, t h e  

use of a magnetic f i e l d  t o  reduce spark width might not be j u s t i f i e d  

i f  data  are t o  be analyzed with a densitometer. 

If a 

Thus, t h e  "reading" e r r o r  would 

If t h e  

For t h e  tests with a 655-gauss f i e l d ,  the  maximum t o t a l  reading 

If da ta  a re  t o  be analyzed using t h e  un-aided eye t o  loca te  the  

center of t h e  spark on the  photographs, it can be assumed t h a t  the  

effect ive spark width would be  the  width a t  50% r e l a t i v e  i n t e n s i t y .  

Figure 3 the  spark width a t  t h i s  i n t e n s i t y  is  p lo t ted  versus magnetic 

f i e l d  s t rength.  In Figure 3 ( b )  a three-fold reduction i n  spark width 

can be seen i n  the  0.1-mm-pressure tests as magnetic f i e l d  s t rength  is  

increased from zero t o  225 gauss; whereas i n  the  10-am-pressure t e s t s ,  

an increase i n  f i e l d  strength from zero t o  655 gauss caused a reduction 

i n  spark width of only one-third. Also, a comparison of t h e  0.5-mm and 

2.0-mm-pressure da ta  i n  Figures 3 ( a ) ,  3(b) ,  and 3 ( c )  shows that,  increasing 

magnetic f i e l d  causes the  grea tes t  reduction i n  spark width with the  

0.001 pf cap ic i tor  and the smallest reduction i n  spark width with t h e  

0.1 pf capaci tor .  

the  spark width i n  t e s t s  a t  low pressures o r  with small capaci tors .  

I n  

/ 

Thus, t h e  magnetlc f i e l d  i s  most e f f e c t i v e  i n  reducing 

The maximum ef fec t ive  spark width t o  t h e  un-aided eye was 1.1 
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inches i n  the t e s t s  with no magnetic f i e l d  and 0.37 inches i n  t h e  t e s t s  

with a 655-gauss f i e l d .  

lo$ of t h e  apparent spark width, the  maximum reading e r r o r  would be 0.11 

inches f o r  the  t e s t s  with no magnetic f i e l d  and 0.037 inches f o r  t h e  t e s t s  

with a 655-gauss f i e l d .  

measurement discussed previously, a maximum t o t a l  reading e r r o r  of 

4 1/2$ would be expected f o r  the cases with no magnetic f i e l d .  

corresponding value of 1 1/2$ would be expected with a 655-gauss f i e l d .  

Thus, f o r  the conditions of these s t a t i c  t e s t s ,  a densitometer appears 

as e f f e c t i v e  as,  a magnetic f i e l d  i n  reducing the  reading e r r o r  due t o  

spark width. A t  lower dens i t ies  the  magnetic f i e l d  would be expected 

t o  be more effect ive;  a t  higher dens i t ies  t h e  densitometer would be more 

e f f e c t i v e  

If the reading e r r o r  i s  again assumed t o  be 

If the readings were a p a r t  of t h e  veloci ty  

A 

Although a diffuse spark appears t o  be of no grea t  disadvantage i n  

t h e  analysis  of data, it might o f f e r  a poorly defined path f o r  the  

second spark, and thus be detrimental  t o  be measuring accuracy, The 

e f f e c t  of t h e  magnetic f i e l d  i n  concentrating t h e  l i g h t  from the  spark 

can be seen i n  Figure 4. The da ta  shown i n  Figure 4 are  the  same data  

shown i n  Figures 2(d) and 2(e)  but adjusted s o  t h a t  t h e r e  is an equal 

area under each curve. The j u s t i f i c a t i o n  f o r  t h i s  i s  t h e  experimental 

observation t h a t  t h e  t o t a l  l i g h t  output, as  measured by a photomultiplier 

tube,  i s  unaffected by magnetic f i e l d  s t rength.  Since t h e  spark l i g h t  

i s  produced primarily by electron-molecule c o l l i s i o n s ,  it may be assumed 

t h a t  t h e  e lec t ron  densi ty  and the ionizat ion l e v e l  a r e  a l so  proportional 

t o  the  l i g h t - i n t e n s i t y  curves. The e f f e c t  of t h e  magnetic f i e l d ,  on 

t h e  bas i s  of these assumptions, is t o  concentrate t h e  ionizat ion i n  a 

small area with well-defined boundaries In  t h e  center  of the spark 

column. If we neglect diffusion e f f e c t s ,  the second spark, as a r e s u l t  

- of t h i s  concentration, w i l l  be  more apt  t o  s t r i k e  through t h e  center 

of the  o r i g i n a l  spark column. Also, it w i l l  be more apt t o  be narrow 

with well-defined boundaries, as has been observed experimentally. 

It should be noted t h a t  Figure 4 does not represent t h e  r a d i d  

d i s t r i b u t i o n  of in tens i ty ,  electrons,  o r  ionizat ion l e v e l .  Instead, 

it i s  a one-dimensional representation of a two-dimensional object,  
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and s o  each point represents an in tegra t ion  of i n t e n s i t y  over a range 

of r a d i i .  

Figures 2 and 4 t o  r a d i a l  d i s t r i b u t i o n  of i n t e n s i t y  or ionizat ion l e v e l .  

Once t h i s  i s  done, the  spark-column-diffusion problem can be s tudied 

ana ly t ica l ly ,  with t h i s  data  on t h e  radial  d i s t r i b u t i o n  of ionizat ion 

l e v e l  as i n i t i a l  conditions for  t h e  d i f fus ion  process. A s  discussed i n  

Reference 1, di f fus ion  of t h e  spark column i s  expected t o  be one of t h e  

f a c t o r s  l i m i t i n g  t h e  appl icabi l i ty  of t h e  tracer-spark technique. 

Further work i s  required t o  reduce the  data  presented i n  

111. SPECTROGRAPHIC STUDIES OF SPARK TEMPERATUFB 

Exploratory Study of Spark Spectrum 

A s  a f i rs t  s t e p  i n  the spectrographic s tud ies  of spark temperature, 

several  spectrographic p la tes  w e r e  made of t h e  spark spectrum. 

these  p l a t e s  it could be seen t h a t  t h e  dominant contribution t o  t h e  

spark rad ia t ion  is  the  nitrogen second-positive band system. 

bands from the  nitrogen f i r s t -nega t fve  system were seen, but these were 

weak compared with the strongest bands i n  the  second-positive system. 

No t r a c e  was found of the  f i r s t - p o s i t i v e  system. 

From 

Several  

The time-resolved in tens i ty  of the  second-positive system was 

measured with a Dumont 6292 photomultiplier tube  and a colored-glass 

f i l t e r  t h a t  passed wavelengths between 3400 and 4400 Angstroms. 

s imilar  manner, the time-resolved i n t e n s i t y  of rad ia t ion  a t  longer 

wavelengths was measured w i t h  a Dumont 6911 photomultiplier tube and 

a colored-glass f i l t e r  t h a t  passed wavelengths above 6500 Angstroms e 

It i s  presumed t h a t  the  f i r s t - p o s i t i v e  band system was t h e  dominant 

contributor t o  the  radiat ion a t  these wavelengths. 

In  a 

The foregoing measurements showed t h a t  the  short-wavelength ( o r  

v i a l e t )  rad ia t ion  varied with t i m e  i n  the same manner as t h e  current,  

but t h a t  t h e  long-wavelength (or red) rad ia t ion  reached a maximum about 

t h e  t i m e  t h e  current ceased and then decayed exponentially. 

can be predicted from data  on upper-state l i fe t imes  given i n  Reference 

2. The l i fe t ime of the  upper s ta te  i n  the  second-positive system i s  

about 0.05 ps 

This behavior 

while t h e  l i f e t i m e  of t h e  upper s ta te  i n  t h e  f i r s t - p o s i t i v e  
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system is  about 5 ps. Therefore, on a microsecond t i m e  sca le ,  t h e  

second-positive system would appear t o  respond i n s t a n t l y  t o  changes i n  

exc i t a t ion  r a t e ,  while t he  f i r s t - p o s i t i v e  system would appear t o  l a g  

badly. This l ag  i n  r ad ia t ion  could cause b lur r ing  of photGgraphs of 

sparks i n  a moving stream. Since the  f i r s t - p o s i t i v e  system includes 

r ad ia t ion  a t  wavelengths as short  as  4723 A, it is  probably advisable 

t o  remove t h i s  system by f i l t e r i n g  even though i ts  i n t e n s i t y  i s  low. 

As a f i n a l  s t e p  i n  the  exploratory study of t he  spark spectrum, 

the  e f f e c t s  of changes i n  densi ty  and magnetic f i e l d  on t h e  v i o l e t  and 

red  r ad ia t ion  were measured. 

had no de tec tab le  e f f e c t  on t h e  peak i n t e n s i t y  or t h e  t i m e  va r i a t ion  

ofeither t he  red or t h e  v i o l e t  rad ia t ion .  

t he  red  radcat ion t o  increase i n  i n t e n s i t y  more than the  v i o l e t .  

t h e  second-positive system has a higher exc i t a t ion  energy than the  

f i r s t - p o s i t i v e  system, the  implication i s  t h a t  t he  e lec t ron  temperature 

decreases as  a result of an increase of densi ty .  

It was observed t h a t  t he  magnetic f i e l d  

A n  increase i n  dens i ty  caused 

Since 

Experimental Procedure f o r  Temperature Measurements 

The spectrographic s tudies  of spark temperature were conducted 

with the  s t a t i c  t e s t  chamber shown i n  Figure 1, and the  tes t  procedures 

followed i n  the  previous sect ion were followed here a l so .  

l ens  was attached t o  the  camera adapter t o  increase the  l i g h t  ava i lab le  

f o r  spectrographic ana lys i s .  The instrumentation used t o  make t h e  

spark-temperature measurements i s  shown i n  Figure 5.  

A collimating 

A J a r r e l  Ash half-meter spectrometer was used t o  resolve t h e  spark 

spectrum, and a Dumont 6292 photomultiplier tube was used t o  measure 

t h e  t i m e  var ia t ion  i n  in t ens i ty  of t h e  se lec ted  p a r t  of t h e  spectrum. 

The spectrometer s e t t i n g  was changed between sparks, permitt ing a t i m e -  

resolved spectrum t o  be obtained. Since da ta  a t  each d i f f e r e n t  wavelength 

w e r e  obtained from a d i f f e ren t  spark, a second Dumont 6292 photomultiplier 

tube was used t o  monitor t h e  l i g h t  from the  spark t o  insure t h a t  a l l  

sparks were of  equal i n t ens i ty .  

551 oscil loscope. 

A l l  d a t s  were recorded on a Tektronix 
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Attempts have been made t o  measure spark temperature using each of 

the three  band systems ident i f ied  i n  the  spark spectrum. 

second-positive system is  the  most prominent of t h e  three,  most of t h e  

Since the  

e f f o r t  has been d i rec ted  

Comtmted Band Structure  

towards analysis  of t h i s  system. 

The second-positive 

of a series of regular ly  

3000 A t o  4500 A range. 

band system i n  t h e  nitrogen spectrum is composed 

spaced bands with most of t h e  energy i n  the 

The bands have a sharp "head" on t h e  long-wave- 

length side, and t h e i r  in tens i ty  gradually fades out on the  short-wave- 

length s ide .  Vibrational temperatures can be found by examining the  

i n t e n s i t y  d i s t r i b u t i o n  from band-to-band; r o t a t i o n  temperature can be 

found by examining the i n t e s i t y  d i s t r i b u t i o n  within the bands. Before 

temperature measurements can be made, however, it is necessary t o  

compute i n t e n s i t y  d is t r ibu t ions  over t h e  ant ic ipated temperature range 

t o  e s t a b l i s h  t h e  r e l a t i o n  between i n t e n s i t y  d i s t r i b u t i o n  and temperature. 

The i n t e n s i t y  d i s t r i b u t i o n  within the  bands was computed with t h e  

aid of equations and constants found i n  Reference 3. Except f o r  t h e  point 

discussed i n  t h e  next paragraph, the  prGcedure was straightforward, so  

it need not be discussed i n  great d e t a i l  i n  t h i s  report .  

The s t r u c t u r e  within a single band i n  the nitrogen spectrum is 

composed of a la rge  number of l i n e s .  

r o t a t i o n a l  t r a n s i t i o n ,  and the l i n e s  can be grouped i n t o  families or 
"branches", depending on whether the  change i n  r o t a t i o n a l  quantum number 

i s  -1, 0, o r  +le Because t h e  molecular states i n  t h e  t r a n s i t i o n  responsible 

f o r  t h e  second-positive system are t r i p l e t  states, the  branches are  s p l i t  

i n t o  three sub-branches e Each sub-branch has l i n e s  spaced a t  i n t e r v a l s  

o f  one Angstrom or less. As a result, the band s t ruc ture  w i l l  appear 

t o  be a continuum d i s t r i b u t i o n  unless t h e  examing instrument has a 

resolut ion b e t t e r  than about 0.1 Anstrom. Since t h e  instrument used 

had a reso lu t ion  of about 0.3 Anstrom, it appeared advisable t o  compute 

the  i n t e n s i t y  d i s t r i b u t i o n  as i f  it w e r e  a continuum d i s t r i b u t i o n .  A 

s l i g h t  s impl i f ica t ion  w a s  achieved by ignoring t r i p l e t  s p l i t t i n g  and 

considerating allsub-branches lumped i n t o  t h e i r  respective branches. 

Each l i n e  corresponds t o  a single 
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The computed i n t e n s i t y  d i s t r i b u t i o n  within t h e  0,2 band is shown i n  

Figure 6 f o r  severa l  equilibrium r o t a t i o n a l  temperatures" 

was se lec ted  because is  represented t h e  most favorable combination of 

i n t e n s i t y  and photomultiplier s e n s i t i v i t y .  

t r i b u t i o n  has been integrated across t h e  measured instrument-response 

p r o f i l e  t o  give t h e  normalized i n t e n s i t y  d i s t r i b u t i o n  shown i n  Figure 6. 
The band head ac tua l ly  occurs a t  3805 A, but t h e  region near t he  band 

head is characterized by la rge  changes i n  i n t e n s i t y  with changing wave- 

length,  s o  it has not been used f o r  temperature measurement. 

da ta  shown i n  Figure 6 have been normalized with respect  t o  t h e  in tegra ted  

i n t e n s i t y  a t  3795 A. From t h i s  f igure ,  it can be seen t h a t  ro t a t iona l  

temperature can be expressed as a unique funct ion of t he  r a t i o  of 

i n t e n s i t i e s  a t  any two wavelengths. 

between 300°K and 

a t  3795 A o f f e r s  good s e n s i t i v i t y  t o  temperature, and was therefore  used 

f o r  da ta  analysis  i n  these s tudies .  In  Figure 7, t h i s  i n t e n s i t y  r a t i o  

has been p lo t t ed  as  a function of temperature f o r  t h ree  d i f f e r e n t  measured 

instrument-response p r o f i l e s .  The th ree  p r o f i l e s  correspond t o  s l i t -wid ths  

of look, 200~1,  and kook, ,and have pass bands of l.7A, 3.4A and 6.8A 
respec t ive ly  . 

The 0,2 band 

The computed continuum d i s -  

The i n t e n s i t y  

For t h e  range of ro t a t iona l  temperatures 

500°K, the r a t i o  of t he  i n t e n s i t y  a t  3785 A t o  t h a t  

Experimental Results 

Preliminary spectrometer da ta  showed the  gas i n  t h e  spark column t o  

have an equilibrium i n t e n s i t y  d i s t r i b u t i o n  superimposed upon a s m a l l  

amount of continuum radia t ion .  Since the  i n t e n s i t y  d i s t r i b u t i o n  corre-  

ponded t o  an equilibrium ro ta t iona l  temperature, it i s  assumed t h a t  the 

r o t a t i o n a l  temperature is  representat ive of t h e  temperature i n  t h e  equation 

of state of t h e  gas, and therefore r o t a t i o n a l  temperature w i l l  be r e fe r r ed  

t o  as  temperature i n  t h e  following discussions.  

The i n t e n s i t y  of t h e  continuum was evaluated by measuring t h e  in-  

t e n s i t y  of r ad ia t ion  on e i t h e r  s ide  of t h e  band. Although the edge of 

t h e  band i s  w e l l  defined only on one s ide  ( the  head), t he  i n t e n s i t y  at 

moderate equilibrium temperatures dies out s u f f i c i e n t l y  rap id ly  on t h e  

o ther  s ide  f o r  t h e  band t o  be  thoughtof as  having boundaries" The 
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i n t e n s i t y  r a t i o  on e i t h e r  side of the  band was found t o  be about 0.05 on 

the  sca le  i n  Figure 6, and was subtracted from t h e  band i n t e n s i t y  by 

using a continuum i n t e n s i t y  t r a c e  as a "zero" t r a c e  f o r  each measurement. 

Four sparks were therefore  required for a s ing le  temperature measurement. 

The information obtained f r o m  each spark was: 

a )  In tens i ty  a t  3795 A 

b )  
c )  In t ens i ty  a t  3785 A 

d )  

In t ens i ty  of continuum, read a t  3815 A 

In t ens i ty  of continuum, read a t  3815 A 

In t ens i ty  r a t i o ,  as  p lo t t ed  i n  Figure 7, was then computed by dividing 

c )  minus d )  by a )  mious b) ,  and temperature w a s  read from Figure 7 .  

Spark temperatures were measured f o r  t h e  range of parameters l i s t e d  

below : 

Spark Strength a )  5.0 joules  (0.1 pf, 10 RV) 
b )  0.5 joules  (0.01 pf9 10 KV) 

c )  0.05 Joules (0.001 pf ,  10 KV) 

S t a t i c  Pressure a )  0.1 mm 

c )  1.0 m 

b )  0.33 mm 

d )  3.0 mn 

e )  10 mm (5.0 joule  and 0.5 jou le  sparks only) 

Magnetic Field:  a )  0 gauss 

b )  335 gauss 

c )  655 gauss 

The spark duration and peak current are as folloTjs: 

a )  5.0 joule  spark : 2.5 ps, TOO amps 

b )  0.5 Joule spark : 0.8 ps, 210 amps 

c )  0.05 joule  spark : Oo25 ps, 70 amps 

Time-resolved spark temperatures measured f o r  L e  5,O-joule spark 

a re  shown i n  Figure 8. 
increase with t i m e .  The t e s t s  with no magnetic f i e l d  show a consis tent ly  

Generally, the  da t a  show the  temperature t o  

- 10 - 



g r e a t e r  heat ing r a t e  as  pressure was increased, whereas tests with 

magnetic f i e l d  do not show t h i s  t rend .  This d i f fe rence  i s  probably 

caused by the tendency f o r  the spark-column s i z e  t o  decrease with in-  

creasing pressure i n  the  t e s t s  without magnetic f i e l d ,  while remaining 

r e l a t i v e l y  constant with increasing pressure i n  t h e  t e s t s  with magnetic 

f i e l d .  Thus, i n  t he  t e s t s  without magnetic f i e l d ,  t h e  primary e f f e c t  

of increasing pressure i s  t o  increase t h e  current  dens i ty  i n  t h e  spark 

columns 

The e r r a t i c  nature  of the d a t a  poin ts  i n  Figure 8 is  probably caused 

by small d i f fe rences  i n  the  four sparks used t o  obtain each temperature 

measurement. When the  O e 5 - j o u l e  and 0.05-joule-spark da ta  were p lo t t ed  

i n  the  manner of Figure 8, no c l e a r l y  defined increase of temperature 

with time was seen. Because of t h i s ,  it appeared t h a t  mean spark 

temperatures would have more meaning than instantaneous temperatures. 

Mean temperatures were found from t h e  r a t i o  of t h e  areas under the  

intensi ty- t ime t r aces ,  r a the r  than from the  r a t i o  of the  instantaneous 

i n t e n s i t i e s o  Mean temperatures a re  tabulated i n  T s b l e  1 f o r  a l l  t e s t s  

performed i n  the  study. 

An examination of Table 1 revea ls  t h a t ,  except f o r  t he  case d i s -  

cussed j u s t  previously,  no uniform va r i a t ion  i n  mean temperature with 

dens i ty  i s  seen. Therefore, f o r  each spark s t rength  t e s t e d ,  t h e  mean 

temperatures were averaged over all pressures f o r  each f i e l d  s t rength .  

The averages a re  l i s t e d  on the l a s t  l i n e  of each p a r t  of Table 1. Ekcept 

f o r  t h e  0.05-joule-spark da ta  with no magnetic f i e l d ,  t h e  averages show 

an increasing mean spark temperature with increasing spark s t r eng th  o r  

f i e l d  s t rength .  

In t e rp re t a t ion  of R e s u l t s  

A set of average heat ing values can be obtained by subt rac t ing  the  
0 ambient temperature (295 K )  f rom the  average temperatures l i s t e d  i n  

Table 1. This set ,  which i s  l i s t e d  i n  Table 2, does not seem r e a l i s t i c  

when it i s  noticed t h a t  t h e  5-joule spark, represent ing 100 times as 

much energy as t h e  0 ~ 0 5 - j o u l e  spark, does only th ree  times as  much 

heat ing.  This discrepancy cannot be a t t r i bu ted  t o  spark s i z e  because, 
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as  discussed e a r l i e r ,  capacitance d id  not e f f e c t  spark s i z e  except i n  

tests without magnetic f i e l d  where increasing capacitance made the spark 

narrower. 

A more consistent s e t  of heating r a t e s  can be obtained i f  it i s  

noted t h a t  the molecules emitting the  rad ia t ion  used t o  deduce temperatures 

represent a group of molecules t h a t  has undergone a s p e c i f i c  type of 

c o l l i s i o n  with electrons.  Since these exc i ta t iona l  c o l l i s i o n s  might 

add some t r a n s l a t i o n a l  or r o t a t i o n a l  energy t o  the  emit ters ,  t h e  

temperature of the  emit ters  in  t h e  spark column might not be the  same 

as t h e  temperature of the non-emitting molecules. 

Further evidence t h a t  the e x c i t a t i o n a l  c o l l i s i o n  adds energy other  

than t h e  exc i ta t ion  energy, comes from measurements of v ibra t iona l  temper- 

a ture .  These measurements show t h e  v ibra t iona l  temperature t o  be con- 

s iderably i n  excess of 5,000 K f o r  a l l  conditions t e s t e d .  Since 

v ibra t iona l  exc i ta t ion  has an extremely long relaxat ion t i m e  compared 

with e i t h e r  the  relaxat ion t i m e  of r o t a t i o n a l  exc i ta t ion  o r  the  spark 

duration, it i s  possible t h a t  a considerable increase i n  emit ter  energy 

resu l ted  from t h e  exc i ta t ion  co l l i s ion ,  and t h a t  most of the  r o t a t i o n a l  

energy, but l i t t l e  of the  vibrat ional  energy, was t ransfer red  t o  other 

molecules through c o l l i s i o n s  before emission took place.  

0 

For t h i s  discussion, however, it w i l l  be assumed only t h a t  some 

process during exc i ta t ion  increased the  average emit ter  temperature 

above the  gas temperature by a ye t  unspecified amount. An estimate 

of the  average temperature increase, due t o  t h e  exc i ta t iona l  c o l l i s i o n ,  

can be  obtained by observing t h a t  t h e  average heating due t o  the 5-joule 

spark, i s  no g r e a t e r  than 200 K.  Therefore, i f  heating i s  roughly 

proportional t o  spark energy, the heating due t o  the  0.05-joule spark 

should be small enough t o  be unmeasureable with the  present measuring 

accuracy. Therefore, temperature measurements obtained with the 

0.05-joule spark should not show any general  spark heating, but should show 

only t h e  average temperature increase of  t h e  emit ter  due to theexcitation kccess 

0 

Since the average temperature l i s t e d  f o r  t h e  0.05-joule spark with 

zero magnetic f i e l d  i s  out of harmony with other zero-field temperatures 

or other temperatures obtained with t h i s  spark, it appears reasonable 
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t o  use the  average of the  zero-field values f o r  the  0.5-joule and 0.05- 

jou le  sparks f o r  t h i s  discussion. With the  aforementioned assumptions, 

it i s  implied t h a t  the  average temperature increase of t h e  emi t te rs  due 

t o  the  exc i t a t ion  process i s  45 K.  If t h i s  45OK is  subtracted from the 

values l i s t ed  i n  Table 2, the adjusted temperature increase due t o  spark- 

column heating, l i s t e d  i n  Table 3, i s  obtained. 

0 

A t  present it i s  not known whether the  values l i s t e d  i n  Table 2 

or i n  Table 3, a r e  t h e  correct  ones f o r  computing t h e  f i n a l  spark-column 

temperature. I n  e i t h e r  case, a good approximation can be made by adding 

twice the  appropriate en t ry  t o  t he  ambient temperature. The values f o r  

t h e  5.0-joule spark thus obtained, do not show good agreement with the  

2ps values p lo t t ed  i n  Figure 8 because the  p l o t t e d  results were obtained 

from t h e  r a t i o s  of two small i n t e n s i t i e s  and hence a r e  subject  t o  

que s t ion. 

Use of Other Band Systems 

A check of t h e  temperature measurements discussed above was made 

by examing t h e  0,l band i n  the f i r s t -nega t ive  system, and using the  da ta  

of Reference 4 t o  convert i n t ens i ty  d i s t r i b u t i o n  i n t o  temperature. 

t he  reasons l i s t e d  below, t h e  accuracy of t hese  measurements was not 

as good as  des i red :  

For 

a )  The i n t e n s i t y  of t h i s  band was much lower than t h e  i n t e n s i t y  

of t h e  second-positive band used f o r  temperature measurement. 

b )  The instrument p ro f i l e s  used i n  Reference 2 could not be repro- 

duced exac t ly  with the spectrometer s l i ts .  

c )  The s e n s i t i v i t y  o f  i n t ens i ty  r a t i o  t o  temperature was poor i n  

the  range of i n t e r e s t .  

I n  s p i t e  of these  f ac to r s ,  however, t he  agreement of these  measurements 

with the  measurements discussed e a r l i e r  was wel l  within t h e  accuracy 

of measurement. 

An attempt t o  measure t h e  t o t a l  spark heat ing without encountering 

t h e  d i f f i c u l t y  discussed i n  the previous sect ion,  was made with the 

- 13 - 



2,O band of t h e  f i r s t - p o s i t i v e  system. The emitter-heating problem i s  

avoided here because the  long l i f e  t i m e  of t h e  upper s t a t e  i n  the  t ran-  

s i t i o n  should allow the ro ta t iona l  temperature of the  emit ters  t o  reach 

equilibrium with t h e  other molecules before emission occurs. To be 

more spec i f ic ,  t h e  upper-state l i fe t ime i s  about 5ps, while t h e  time 

between c o l l i s i o n s  ranges between 0.005ps f o r  the  highest pressure t e s t e d  

and 0.5ps f o r  the  lowest pressure t e s t e d .  

c o l l i s i o n s  might be expected t o  occur between exc i ta t ion  and emission. 

The rad ia t ion  from t h i s  t r a n s i t i o n  p e r s i s t s  f o r  several  microseconds 

a f t e r  the spark i s  extinguished, and thus one would expect the  f i n a l  

portion of the  rad ia t ion  t o  r e f l e c t  t h e  f i n a l  gas temperature a f t e r  all 

spark heading has been completed. Sa t i s fac tory  measurements with t h i s  

band system have not been possible t o  da te  because of the low l i g h t  l e v e l s  

and the  consequently g r e a t e r  e f f e c t  of t h e  continuum radia t ion .  

Thus, between 10 and 1000 

By t h e  same arguments, the measurements taken a t  10-mm pressure 

and l i s t e d  i n  Table 1 should r e f l e c t  spark-column temperature r a t h e r  

than emitter temperature. The upper-state l i f e t i m e  here was 0.05ps, 

so  about 10  c o l l i s i o n s  could be expected t o  occur between e x c i t a t i o n  and 

emission. If any re laxa t ion  of t h e  temperature increase due t o  exc i ta t ion  

d id  occur, it was masked by data  s c a t t e r  or e f f e c t s  of unknown origin.  

IV. FUTURE WORK 

The spark-width s tudies  a r e  complete except f o r  the  required 

addi t ional  d a t a  analysis  previously discussed. 

work, including instrumentation development, i s  required i n  t h e  study 

of spark temperature. 

Further experimental 

The plans a re  discussed i n  t h e  following paragraphs. 

A s  mentioned previously, a t o t a l  of four  sparks i s  required t o  

obtain a s ingle  temperature measurement. Two of these a re  used i n  the  

measurement of i n t e n s i t y  d i s t r i b u t i o n  of t h e  band, and two are  used t o  

measure the continuum in tens i ty .  A considerable l o s s  i n  experimental 

accuracy r e s u l t s  from a lack of exact reproducibi l i ty  from spark t o  

spark. 
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To remedy t h i s ,  the two-channel photomultiplier head shown i n  

Figure 9, is  being developed. 

spectrum i n t o  two p a r t s  a t  the spectrometer e x i t  s l i t .  One par t  w i l l  

go i n  a s t r a i g h t  path t o  a photomultiplier tube; the other w i l l  s t r i k e  

the mirror b u i l t  onto the  knife-edge assembly and go t o  a second photo- 

mul t ip l ie r  tube. I n  t h i s  manner, the  i n t e n s i t y  a t  two d i f f e r e n t  wave- 

lengths can be measured w i t h  a s ing le  spark. The continuum i n t e n s i t y  

measurement w i l l  r equi re  a second spark, but t h i s  is  not a ser ious 

deficiency as t h e  continuum in tens i ty  i s  small compared with t h e  band 

i n t e n s i t y  . 

A knife edge i s  used t o  s p l i t  the 

All  p a r t s  f o r  the two-channel photomultiplier head have been 

fabricated,  but it has not yet been adjusted and ca l ibra ted .  Once t h i s  

is  done it w i l l  be used t o  repeat the  d a t a  shown i n  Table 1. It is  

ant ic ipated t h a t  the increased measurement accuracy w i l l  allow t i m e -  

resolved spark temperatures t o  be obtained. The new head w i l l  a l s o  

m a k e  it possible  t o  obtain temperature measurements i n  a hypersonic 

flow f ie ld ,  and as a result, future  t e s t i n g  w i l l  involve a wide range 

of stream conditions.  

V. CONCLUSIONS 

The study of spark width shows t h a t  wide sparks can be resolved 

s u f f i c i e n t l y  well  with a densitometer t h a t  the  use of a magnetic f i e l d  

t o  reduce spark width might not be necessary f r o m t h e  standpoint of t h e  

measurement of spark locat ion.  It does appear, however, t h a t  a magnetic 

f i e l d  may be required t o  concentrate t h e  ionizat ion so  t h a t  the  second 

spark w i l l  strike through t h e  center of t h e  ionized path. Work on t h i s  

point i s  continuing. 

The s'clly of spark-column temperature shows t h a t  i f  moderate spark 

energies and magnetic f i e l d  strengths a r e  used, peak spark-column 

temperatures w i l l  b e  no higher than 70 K t o  180 K above stream temperature. 

Further measurements might allow these l i m i t s  t o  be revised downward 

t o  lOoK t o  TOOK. It has a l so  been shown t h a t  i f  a magnetic f i e ld  i s  

not used f o r  reducing spark width, the spark heating is  decreased. 

0 0 
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The s igni f icance  of these values w i l l  not be understood completely 

u n t i l  t he  problem i s  s tudied fur ther .  It can be noted, however, t h a t  

a 180 K increase i n  temperature due t o  spark heating would cause a 

s ign i f i can t  dis t rubance i n  a 50 K stream whereas a 10 K increase would 

0 

0 0 

have very l i t t l e  e f f e c t  i n  a 300°K stream. 

. 
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TABLE 1. MEAN SPARK TEMPERATURE (OK) 

a) 0.05-Joule Spark 

Pressure, Magnetic Field, Gauss 

0 335 655 mm 

0 .10 340 345 355 

0 .33 330 325 350 

1 .Q 375 355 335 

3.0 360 360 405 

average 350 345 360 

b) 0.5-Joule Spark 

Pressure, Magnetic Field, Gauss 

0 335 . '- 655 mm 

0.10 315 395 430 

0.33 310 385 355 

1.0 385 37 5 35 5 

3.0 300 3 20 407 

10 340 350 430 

average 3 30 365 395 
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c )  5.0-Joule Spark 

Pressure,  
m 

0.10 

0.33 

1.0 

3.0 

10 

average 

Vagnetic Field,  Gauss 

0 335 655 

380 465 450 

4 20 455 515 

4 30 470 480 

440 480 510 

480 48 5 485 

4 30 470 495 

TABLE 2. AVERAGE TEMPERATURE INCREASE DUE TO SPARK KEATING 

Spark Energy, Magnetic Field,  Gauss 

0 335 65 5 Joules  

0.05 55 50 65 
0.5 35 70 90 

5 .O 135 17 0 200 

TABLE 3. ADJUSTED TEMPERATURE INCFEASE DUE TO SPARK HEATING 

Magnetic Field,  Gauss Spark Energy, 
Joules  

0 335 65 5 

0.05 10 5 20 

0.5 -* 25 35 
5 .O 90 130 15 5 

* 
Value calculated from measurements was negative 

- 19 - 



k 
Q) 
P 

Q E !  

a, 
rd 
0 
k 
-P u 
a, 
d w 

- 20 - 



. 
100 

80 

60 

40 

20 

0 
0 

100 

80 

60 

40 

29 

0 

0.4 0.8 1.2 1.6 2.0 

Spark Width, i n .  

(a) 0.001 pf, 15 KV, 0.5 mm, Pressure 

SYM MAGN. FIELD 

0 0.4 0.8 1.2 1.6 2.0 
Spark Width, i n .  

(b) 0.001 pf, 15 KV, 2 mm, Pressure 
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